Low-resistive ultrashallow n þ /p junctions were formed with Sb as a dopant by heat-assisted laser annealing. A process window platted against laser energy density and substrate temperature was obtained in which the sheet resistance was about 500 /sq. while the junction depth was maintained at about 20 nm, which was equal to that of the as implanted condition. Cross-sectional transmission electron microscopy (XTEM) images showed that substrate heating before laser irradiation enhanced recrystallization of the amorphized layer. This causes non melt laser annealing using the complete recrystallization of the amorphized layer. From current-voltage characteristics of n þ /p diodes in the reverse direction, leakage current reduction accompanying the heat-assisted annealing was confirmed.
Introduction
In order to continue scaling down the size of metaloxide-semiconductor field-effect transistors (MOSFETs), low-resistive ultrashallow source and drain extensions (SDE) are required to improve MOSFET performance and to prevent the undesirable influences of short-channel effects and parasitic resistance. 1) Moreover, accurate control of a dopant profile at a junction is expected, because handling unwanted diffusion is critical to designing MOSFETs because of the short-channel effects. It is difficult to maintain dopant profiles formed by ion implantation, since transient enhanced diffusion causes undesirable spreading of the junction depth (X j ). 2, 3) There is a trade-off between dopant activation and process temperature or annealing time. Therefore, high-temperature, short-time annealing is desired to obtain ultrashallow junctions with sufficiently low sheet resistance (R s ). Flash lamp annealing 4) and laser annealing (LA) 1) have been proposed as possible alternative methods for high-temperature, short-time annealing to replace conventional rapid thermal annealing (RTA). The KrF excimer laser offers some special advantages, such as ultrashallow penetration depth in Si (5.5 nm) due to its relatively short wavelength (248 nm) and short pulse duration (on the order of nanoseconds) compared with other lasers. Therefore, it can realize nonequilibrium annealing, which leads to higher impurity concentrations. However, some problems must be solved to apply KrF excimer LA to ultrashallow junction formation. First, laser irradiation energy density (E L ) must be reduced. In previous work, E L larger than 600 mJ/cm 2 was necessary to reduce R S below 1 k/sq. by single pulse irradiation. 5) This result means that laser energy must be larger than 2.4 J/pulse, assuming the chip and laser irradiation area to be 20 Â 20 mm 2 square. To avoid unexpected problems due to multiple irradiations in device areas, chip-size laser irradiation is preferable. This value of laser energy is much larger than that of the standard commercially available excimer laser equipments. Hence, E L must be reduced. Second, ultrashort-duration annealing tends to leave crystal defects. Although increasing E L decreases the defects, the junction depth spreads, since fast dopant diffusion is caused by the overmelting of the Si substrate beneath the junction. Therefore, the defects must be reduced by ways other than simply increasing E L .
In the previous work, we found that R s could be reduced by repeated irradiation. 5) After single-pulse LA at an E L of 400 mJ/cm 2 , R s was 1700 /sq, which was practically too high. However, by repeating the laser irradiation up to 10000 times, R s was successfully reduced to 600 /sq. without enlarging X j . We speculated that substrate heating due to repeated laser irradiation was a key for the R s reduction. If this speculation is valid, intentional substrate heating is expected to relieve the problems mentioned.
In this paper, we evaluate a heat-assisted LA technique, that is, LA with simultaneous heating of a Si substrate using another heat source. On the basis of one-dimensional heat flow analysis, it is predicted that the E L necessary for sufficient dopant activation can be reduced. 6) For Sbimplanted ultrashallow n þ /p junctions, the effects of substrate temperature (T sub ) and E L are investigated, defect reduction by substrate heating is discussed, and two processes, heat-assisted LA and conventional RTA, are compared using the current-voltage (I-V) characteristics of n þ /p junction diodes.
Experimental
Sb þ ion implantation was carried out in p-type Si(100) substrates through a 5-nm-thick screen oxide at 10 keV with a dose of 6 Â 10 14 cm À2 . X j was defined as the depth at which Sb concentration decreases to 1 Â 10 18 cm À2 , and X j for as-implanted was 21 nm according to analysis by secondary ion mass spectrometry (SIMS). The Si surface is known to be amorphized by this implantation. 7) The amorphized Si (a-Si) layer was 11 nm thick, as measured from cross-sectional transmission electron microscopy (XTEM) images. T sub for heat-assisted LA was 250 to 525 C, and the annealing atmosphere was nitrogen. The substrate was heated to T sub for about 10 min, and a 5 min delay time was set in order to make T sub uniform. The E L was varied over the range from 200 to 600 mJ/cm 2 . Singlepulse irradiation was carried out on most specimens, while multiple-pulse irradiations were applied to some specimens. Laser pulse frequency for the multiple pulse irradiations was 200 Hz. In the following sections, if not explicitly denoted, the number of irradiation pulse was 1. The full-width at halfmaximum (FWHM) of the laser pulse was 38 ns. The area exposed to the laser was 4 Â 4 mm 2 . The R s values of Sb-implanted layers were measured by a four-point probe method. Sb depth profiles were evaluated with SIMS. The primary ion was Cs þ , and the screen oxide was not removed before the SIMS measurement was made. XTEM was used to estimate the depth of a-Si layers, regrowth velocity, and crystallinity of regrown layers. Diodes with n þ /p junctions were fabricated. The carrier concentration of the p-region was 2 Â 10 17 cm À3 , and reverse direction I-V characteristics were evaluated in order to compare the leakage currents. Figure 1 shows Sb depth profiles before and after the heatassisted LA at T sub of 450 C. The specimen annealed only by substrate heating without laser irradiation showed negligibly small diffusion; its Sb depth profile was nearly equal to the as implanted one. As E L increased, discrepancies between the initial profile and the one after LA becomes larger, as shown in Fig. 1 . First, we focus on profile tails. Here, the profile tail is defined as a profile deeper than 11 nm below the Si surface. The depth is based on the a-Si thickness formed by Sb þ implantation, and Sb concentration is lower than about 1 Â 10 20 cm À3 in the tail region. In other words, the profile tail is a profile in crystalline Si (c-Si). For low-E L cases, such as 300 and 400 mJ/cm 2 , variation from the profile without of laser irradiation is small and is understandable as a result of the very short duration thermal diffusion induced by laser heating. However, by increasing E L to 500 mJ/cm 2 , X j spreads to about 50 nm, which is more than twice as deep as the initial value of 21 nm. Such an increase in X j is explained by c-Si melting as a result of laser heating. 5) Since diffusion of impurities in the liquid phase is much faster than that in the solid phase, impurities are redistributed to the melt depth. Since, an E L of more than 800 mJ/cm 2 was necessary to melt the c-Si region in the case of non-heat-assisted LA, this result provides clear evidence that heat-assisted LA can reduce E L to a level of half that without heat assist. These results agree well quantitatively with calculations by Matsuno et al. 6) indicating that the c-Si melting threshold was reduced from 850 to 520 mJ/cm 2 by changing the substrate temperature from 27 to 450
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C. In the a-Si region that includes an initial profile peak and in which the Sb concentration is higher than about 1 Â 10 20 cm À3 , additional variations are found. At the Si/SiO 2 interface, Sb pileup is observed. The pileup is formed during the solidification due to Sb segregation in the liquid phase. 7) Although the pileup is formed also by non melt annealing, its formation is very slow in c-Si, and it is hard to observe after non melt LA.
5) The pileup peak concentration is lowest for an E L of 500 mJ/cm 2 . This results from Sb redistribution to deep inside of Si by c-Si melting and decreasing the average concentration. In the case of 400 mJ/ cm 2 , a-Si, the melting point of which is 300 C lower than c-Si, was considered to melt selectively. Since Sb concentration in the a-Si layer was very high, selective a-Si melting results in high pileup-peak concentration.
Two peaks are observed in the profile at 300 mJ/cm 2 . To discuss the formation mechanism of double peaks, a magnified Sb depth profile near the surface was replotted. The profile for T sub of 525 C is also added, as shown in Fig. 2 . In the tail region, the differences between the two profiles are very small because of the absence of c-Si melting due to low E L . In the amorphized region, the profile for T sub of 525 C has a single peak, the depth of which is close to the peak depth for as implanted. The two peaks seen in the profile for 450 C are classified by their location into a shallow pileup peak formed by melting and a deep inside peak formed by the implantation. To understand these differences due to T sub , a-Si thickness after substrate heating was measured by XTEM. Figure 3(a) shows an XTEM image of the specimen heated at T sub of 450 C for 8 min as the average delay time before laser irradiation. No laser irradiation was carried out on this specimen. The a-Si layer thickness just after the Sb þ implantation was estimated to be 11 nm also from XTEM. After 8 min heating, the a-Si layer thickness decreased to 6 nm. This means that, during heating, 5-nm-thick a-Si recrystallized, and the recrystallization velocity was about 0.6 nm/min. In the literature, it was reported that the recrystallization velocities of a Si(100) plane at 450 and 525 C were 0.05 and 2 nm/min, respectively.
8) The higher recrystallization velocity obtained in this work may be explained as the result of recrystallization enhancement due to high-concentration doping.
9) On the basis of these results, about a half of the amorphized layer and the entire the amorphized layer were considered to be recrystallized before heat-assisted laser irradiation at 450 and 525 C, respectively. As a result, it was concluded that LA with 525 C heat assist at 300 mJ/cm 2 was a non melt process, because of the absence of a-Si with a low melting point. The twin peaks for 450 C in Figs. 1 and 2 possibly originated from the melting of the upper half of the amorphized layer.
Residual defects were observed also by XTEM. Figure  3(b) shows an XTEM image for LA at 300 mJ/cm 2 with 450 C heat assist. In the region 6 nm below the Si surface, high-density plane defects parallel to (111) planes are observed. This result implies that the recrystallization speed after the melting of the upper half a-Si layer was too fast to obtain a well-organized crystal configuration. In contrast, the XTEM image for the heat assist at 525 C, shown in Fig. 3(c) , hardly shows this plane defect. These results indicate that recrystallization before laser irradiation is beneficial for the reduction of residual defects. Figure 4 shows an R s contour map against E L and T sub . A process window where a constantly low R s is obtained without spreading X j is found on this map. The combinations formed by T sub higher than 450
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C and E L from 270 to 350 mJ/cm 2 are within this process window. In practical device fabrication, laser energy fluctuation must be considered, and a process window offers advantages of reducing fluctuation of device characteristics. Effects of multipulse irradiation on R s for heat-assisted LA are shown in Fig. 5 . E L was 300 mJ/cm 2 and T sub was 525 C. Although the pulse number was increased to 100, meaningful R s reduction was not obtained. This result implies that sub-ms, ultrashortduration annealing can activate dopant effectively, and a Fig. 4 . R s contour map against E L and T sub . The map is divided into three zones using Rs values of 10 and 1 k/sq. as borders. Increases in E L and T sub lead to a monotonic decrease in R s . However, combinations of E L higher than 400 mJ/cm 2 and T sub higher than 450 C resulted in an increase in X j due to the overmelt of c-Si. simple extension of annealing time by repeating the irradiation is not necessary. Figure 6 shows relationships among R S , E L , and T sub that were extracted from the contour map in Fig. 4 . An E L higher than 600 mJ/cm 2 was required to obtain less than 1 k/sq. by LA at RT; that is, by nonheat-assisted LA. Using 450 C heat-assist, R s lower than 1 k/sq. was obtained at 300 mJ/cm 2 . Although increasing E L results in further decreases in R s , X j begins to increase for E L values higher than 450 mJ/cm 2 because of c-Si melting as shown in Fig. 1 . As a summary of this discussion, the relationship between R s and E L for T sub of 450 C is classified into three regions, as indicated in Fig. 6 : region A, nonmelt and insufficient dopant activation; region B, upperhalf a-Si melt and good dopant activation; and region C, overmelt extending to a c-Si region under the amorphized region. In the case of heat-assisted LA at 525 C, the description of region B should be replaced with: Region B, nonmelt and good activation.
Junction diodes were fabricated to elucidate influences of residual defects on their leakage characteristics. T sub for heat-assisted LA was 525 C. Although XTEM observation, shown in Fig. 3 , revealed that residual defects can be reduced by choosing 525 C as a heat-assist temperature, this result does not directly correspond to a sufficient reduction of electrically active defects. Therefore, evaluation including junction characteristics is necessary. Figure 7 shows reverse direction I-V characteristics of the fabricated diodes. The diodes without laser irradiation plotted with a broken line showed the highest leakage current. By laser irradiation, the junction leakage current was reduced to about one-tenth of its original value. An increase in E L from 300 to 350 or 400 mJ/cm 2 was also effective for the reduction. However, leakage current for RTA at 800 C for 10 min was lower than that for LA. In general, leakage current in a one-sided n þ /p abrupt junction originates from generation-recombination centers located at a depletion layer in a p-type region. Since acceptor concentration in the p-layer for the fabricated devices was about 2 Â 10 17 cm À3 , the depletion layer width in the p-region is calculated to be about 125 nm at the 1.5 V reverse-biased condition. Macrodefects observed in TEM photographs in Fig. 3 are located in the region shallower than the junction depth of 20 nm from the Si surface. Therefore the macrodefects localized outside the depletion region. Thus, we conclude that generated recombination centers that dominate the I-V characteristics are invisible point defects located in regions deeper than the junction depth. The penetration depth of the KrF excimer laser is 5.5 nm. Because of this shallow penetration depth, annealing of the relatively deep portion was considered to be insufficient to rduce the point defects compared with RTA at 800 C. Optimization of annealing conditions must be carried out to obtain further leakage current reduction with LA. It should be noted that laser pulse width is also an important parameter to control the crystallinity of an annealed layer in addition to the parameters E L and T sub treated in this paper.
10) All these parameters should be used for the optimization.
Conclusions
The potential of heat-assisted LA as a low-resistive, ultrashallow junction formation technique was evaluated. The E L needed to activate Sb was reduced by the heat. A process window that provides nearly constant R s and X j was found against E L and T sub . Heat assist at 525 C led to a nonmelt process that provided good dopant activation and reduction of residual plane defects. Reverse I-V characteristics implied that E L should be higher as long as the increase in X j due to c-Si overmelt took place. C. The specimen denoted No LA showed higher leakage current because of insufficient annealing due to low-temperature thermal annealing without laser irradiation.
